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In this work, we present an innovative way to functionalize large surfaces combining both
plasmonic and magnetic nanoparticles on a substrate, by the growth of bilayers and a subsequent
single annealing. In particular, we show here the formation of Au and c-Fe2O3 nanoparticles using
this route. Thermal treatments promote the nanostructuration of the film plus a partial oxidation of
Fe to form ferrimagnetic oxides. For this purpose, annealing conditions and the structure of the
bilayer must be selected to achieve an optimal nanostructuration, avoiding the full oxidation of Fe
to form antiferromagnetic hematite. Published by AIP Publishing.
https://doi.org/10.1063/1.5044697
Functionalization of surfaces with nanoparticles (NPs)
allows tuning their properties to optimize them for specific
applications.1–8 For instance, surface functionalization with
noble metal NPs permits the excitation of localized surface
plasmons that may enhance photocatalytic activity, bio-
markers sensitivity, or light absorption. Similarly, function-
alization with transition metal oxide (TMO) nanostructures
is used to induce magnetic properties, enhanced reactivity,
and mechanical resistance or to tune local heating. In addi-
tion, hybrid functionalization of surfaces metal and TMO
provides further advantages. Specifically, complex NPs, such
as core-shell, nano-agglomerates, or nano-dimers, present an
added interest since they can exhibit further advantages com-
bining the properties of their individual components with
other emerging properties arising from their interaction
because of interface and proximity effects.9,10 For instance,
the coexistence of plasmonic and TMO NPs improves the
photocatalytic activity.11,12 In particular, hematite (a-Fe2O3)
and Au nanostructures largely enhance the photocatalytic
response of CO oxidation and the efficiency for solar water
splitting with respect to that observed when just a-Fe2O3
nanostructures are present.13,14
In a recent paper, we proposed a new method to func-
tionalize surfaces with both noble metal and TMO nano-
structures.15 This route consists in the deposition of bilayers
plus a subsequent annealing. We demonstrated that this
method was useful to functionalize large areas with Au/a-
Fe2O3 NPs. Upon annealing in air, the difference in the
thermal expansion coefficient between the glass and the Au
film induces interfacial thermal stresses that are relieved
upon the formation of hillocks. At temperatures large
enough, holes are formed and grow, percolating and leading
to the formation of Au islands that become rounded in order
to reduce surface energy.16 In the case of transition metals,
the oxidation upon annealing in air induces an increase in
volume (30%–40%) that yields stresses which are also
relieved upon film nanostructuration.17 Hence, annealing of
bilayers leads to the formation of both noble metal and TMO
nanostructures co-existing on the same substrate by a mixture
of the abovementioned processes. Additionally, the morphol-
ogy of the nanostructures could be controlled through the
deposition and annealing parameters. Therefore, this growth
mechanism can be considered as a route to obtain hybrid nano-
structures for several applications. Obtaining other iron oxide
phases such as Fe3O4 and c-Fe2O3 NPs, instead a-Fe2O3, in
combination with the Au NPs can be appealing due to their mag-
netic properties.18 However, the main limitation of this technique
is the large temperature required to achieve the nanostructuration
of the bilayer (1000 C), which induces the full oxidation of Fe
to form a-Fe2O3, that is weak ferromagnetic. Annealing in vac-
uum is not a straightforward solution. In the solid-state dewetting
process, which leads to nanostructuration of noble metal films,
the mechanism for mass transport is surface diffusion. The sur-
face diffusion coefficient (SDC) increases several orders of mag-
nitude upon annealing in the oxygen-rich atmosphere,19 so
annealing in vacuum leads to weak nanostructuration instead of
rounded and well-separated NPs. The SDC can be enhanced by
increasing the annealing temperature, but above 1063 C, Au
films melt and tend to detach and sublime from the substrate.
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In this complex situation, we explore in this work if
there is a set of parameters which allows obtaining the com-
bination of plasmonic noble metal/ferrimagnetic oxides NPs
over large areas with the deposition plus annealing route,
i.e., exploiting the solid-state dewetting process. In particu-
lar, we investigate the formation of nanostructures by anneal-
ing in low vacuum (to reduce moderately the SDC) and at a
temperature slightly above the Au melting temperature (i.e.,
1100 C, to partially compensate the reduction of SDC).
Also, we place the Fe layer on top of the Au film, to prevent
Au sublimation but still allowing the formation of Au NPs.
We find a window of parameters that permits obtaining, in a
single process, large surfaces exhibiting both plasmonic and
magnetic properties at room temperature (RT). The morphol-
ogy of the NPs can be tuned by varying the initial parame-
ters, such as the film thickness, and the industrial scalability
of the growth technique is doable.
Samples were prepared from the deposition of Au/Fe
bilayers and a subsequent annealing in low vacuum. Thin
films were grown on silica substrates by thermal evaporation
using a tungsten filament and Au and Fe wires as the source
in a home-made evaporation chamber. The vacuum in the
chamber during the film deposition was 106Torr, and the
deposition rate was of 0.02 nm/s, controlled with a Q-
microbalance previously calibrated with X-ray reflectometry.
The distance between the filament and the substrates was
about 20 cm. The area of the substrate that was coated with
the metallic films was about 2 2 cm2. Prior to deposition,
the substrate surface was cleaned with soap, rinsed with
deionized water, and dried with dry air. Thermal treatments
were carried out in a quartz tube furnace in low vacuum con-
ditions (102–103Torr) for 12 h at 1100 C.
The morphology of the samples was studied by scanning
electron microscopy (SEM) using a TM-1000 Hitachi
Tabletop Microscope, with an accelerating voltage of 15 kV.
Atomic force microscopy (AFM) images were obtained with a
Nanotec instrument and measurements were performed in air,
using silicon tips (with a resonant frequency of 200–300 kHz),
in the non-contact mode at RT. The images were analyzed
using the WSM20 software package from Nanotec.
Confocal Raman microscopy (CRM) of samples was carried
out using a Witec ALPHA 300RA. Measurements were per-
formed with a linearly polarized Nd:YAG laser (532 nm). The
optical resolution of the confocal microscope is 200 nm and
500 nm in the lateral and vertical directions, respectively. In
this work, Raman spectra were recorded at RT each 100 nm in
the spectral range of 0–3600 cm1. In order to avoid any dam-
age in the samples, laser excitation power was fixed at 0.7
mW. Raman measurements were performed using an objective
with a lens of numerical aperture, NA, of 0.95. Collected spec-
tra were analyzed using the Witec Control Plus Software.
Optical absorption spectra of the samples were recorded using
a V-670 UV-Visible double beam spectrophotometer in the
transmission mode at RT. The absorption signal was refer-
enced to a silica substrate in order to obtain the net optical
absorption of samples. The magnetic characterization of the
samples was carried out using a superconducting quantum
interference device (SQUID) from Quantum Design. The mag-
netic circular dichroism (MCD) spectra and hysteresis loops
were acquired using a home-built setup described in Ref. 21 in
the spectral interval between 300 and 1000 nm and applying a
maximum magnetic field of 13 kOe perpendicularly to the sur-
face plane of samples.
Figure 1 shows the SEM micrographs for two samples
fabricated from a Au/Fe bilayer annealed at 1100 C for 12 h
at a nominal pressure of 3 102Torr. The Au film thick-
ness is 10 nm for both samples, while the Fe film thickness is
5 and 10 nm, respectively. Samples exhibit nanostructures of
the order of hundreds of nanometres along the whole surface.
The existence of regions with different nanostructure sizes
should be noted. The presence of irregularities at the films, at
the substrate, and/or at the film/substrate interfaces favours
the presence of inhomogeneous stresses which induce the
breaking of the layers during the annealing. Finally, the frag-
ments of the Fe and Au layers having high chemical poten-
tial produce pseudo-spherical NPs. The influence of the Fe
film thickness is already apparent, and an increase in a clear
bimodal distribution in the NP size appears as the film thick-
ness is increased. The sample obtained from a 10 nm Au/
5 nm Fe bilayer [Fig. 1(a)] shows NPs with an average size
in the range of 20–300 nm, while that obtained from a 10 nm
Au/10 nm Fe bilayer [Fig. 1(b)] presents nanostructures with
a set of NPs with their size ranging between 50 and 150 nm
plus some other NPs with sizes of the order of 0.5–1 lm,
showing an average height similar in both kinds of NPs
[around 10–40 nm, as shown in Figs. 1(c) and 1(d)]. The
presence of large nanostructures with flat faces is thermody-
namically driven by the Ostwald ripening process because
large particles are more energetically favorable than smaller
particles.22 This process is more pronounced in certain
regions of the surface. In fact, the thicker sample of the Fe
layer presents an irregular pattern with regions having
smaller particles and regions where particles have grown.
Therefore, by fixing the Au film thickness and varying the Fe
film thickness, it is possible to tune the morphological
FIG. 1. SEM image for a (a) 10 nm Au/5 nm Fe and (b) 10 nm Au/10 nm Fe
bilayer annealed at 1100 C for 12 h at a nominal pressure of 3 102Torr.
(c) Topography AFM image for the 10 nm Au/10 nm Fe bilayer annealed
and (d) height profile measured along the line indicated in the AFM image.
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features of the final nanostructures. The morphological dis-
tribution of NPs fabricated from single Fe films (without Au)
is similar to that obtained for Au/iron oxide nanostructures
(see supplementary material).
Samples were analysed by CRM in order to examine the
distribution of both Au and iron oxide nanostructures and to
determine the oxidation state of iron oxide. In this study, we
discriminate three different types of Raman spectra correspond-
ing to the presence of Au (green), c-Fe2O3 (blue), and a-Fe2O3
(red) nanostructures, as summarized in Fig. 2. The CRM analy-
sis obtained from the 10 nm Au/10nm Fe bilayer annealed at
1100 C for 12 h points out that large particles are hematite
while the small ones are maghemite and Au NPs. This fact
could be related to a coalescence of iron oxide to form large
particles in certain regions. As the formation of large nano-
structures is attained to minimize the system energy, the iron
oxide large particles stabilize in the hematite polymorph.
A quantitative analysis by CRM, obtained from several
regions at the surface, indicates that about 80% of iron oxide
corresponds to maghemite while the rest is hematite. A simi-
lar proportion of iron oxide phases is measured for the sam-
ple stemming from the annealing of a thinner 5 nm Fe
sample. An additional study (see supplementary material) of
10 nm Fe films (without Au) annealed under the same condi-
tions shows a larger proportion of maghemite (99%) than for
the case of annealed Au/Fe bilayers, indicating that Au
assists in the Fe to a-Fe2O3 transformation. The irregular pat-
tern induced by the Au film and its nanostructuration during
the annealing favours the phase transition c-Fe2O3 ! a-
Fe2O3, in regions where the Au NPs are absent. Besides, it
should be noted that, despite Au NPs are homogeneously dis-
tributed throughout the substrate, a larger fraction is close to
the maghemite NPs (around 80%), limiting the growth of
iron oxide nanostructures.
Figure 2(c) presents single Raman spectra taken from the
surface Raman intensity image on the marked crosses. The
fluorescence signal is assigned to Au NPs. a-Fe2O3 NPs show
the seven phonon modes (2A1gþ 5Eg) allowed in Raman23
plus other Raman peaks that do not belong to the spatial group
but that have been already reported in the literature.24–29 For
c-Fe2O3, besides the five allowed phonon modes, correspond-
ing to A1gþEgþ 3T2g, other Raman bands related to the
breaking of symmetry due to deviations at the stoichiometry
can be also observed.30,31 A detailed analysis of the identified
Raman modes is presented in the supplementary material.
Figure 3(a) shows the optical absorption spectrum for a
Au/Fe bilayer annealed for 12 h at 1100 C in low vacuum
(nominally 3 102Torr). An absorption band located at
542 nm is clearly observed. This band is due to the excitation
of surface plasmon resonance (SPR) in Au NPs.32,33 A
numerical analysis of the spectrum points out that the full-
width-half maximum (FWHM) of the band is about 0.22 eV,
which would correspond to spherical NPs of about 20–30 nm
diameter.34 However, it is well known that a wide distribu-
tion of NPs’ size and shape led to wider absorption bands.
Hence, our experimental optical absorption measurement
corresponds to an average of Au NPs with a size distribution.
Summing those non-centred absorption bands from different
NPs, a wider band corresponds to individual NPs in the range
of 50–150 nm (that would present FWHM below 0.05 eV). In
addition, the position of this absorption band (542 nm) is
that expected for Au NPs in a dielectric medium with e ﬃ
2.25, that is an intermediate value between the dielectric
FIG. 2. (a) Optical image of a 10 nm Au/10 nm Fe bilayer annealed at
1100 C for 12 h at a nominal pressure of 3 102Torr. (b) False colour
image of compositional mapping showing the presence of Au (green),
maghemite (blue), and hematite (red) nanostructures. The Raman intensity
image is obtained from mapping the area marked with a yellow square on
the optical image (a) and collected single Raman spectra taken each 100 nm,
integrating in the spectral range from 690 to 780 cm1 for c-Fe2O3, from
1220 to 1390 cm1 for a-Fe2O3, and from 70 to 3600 cm
1 for the Au nano-
structures. (c) Single Raman spectra taken from the corresponding crosses
marked in the Raman image (b). Raman bands of a-Fe2O3 and c-Fe2O3 are
identified.
FIG. 3. (a) Optical absorption spectrum of a 10nm Au/10nm Fe bilayer annealed at 1100 C for 12 h at a pressure of 3 102Torr, exhibiting the absorption band of
localized SPR from Au NPs. (b) Parallel and perpendicular magnetization curves at 300K. The diamagnetic contribution from the substrate has been removed for the
sake of clarity. (c) MCD spectrum of the Au/Fe2O3 system compared with that obtained for pure Au NPs prepared from a 10nm Au thin film annealed at 400
C in air.
The inset of (c) presents the MCD loops recorded at 565nm for Au/Fe2O3 NPs and at 620nm for Au NPs.
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permittivity of air and that of iron oxide, shifting the SPR
band towards larger wavelengths than for single Au NPs in
air. Besides, a smaller band is observed in the spectrum at
about 730 nm. This band may originate from elongated NPs
and corresponds to longitudinal SPs. Actually, the above
described structural characterization showed some elongated
nanostructures with an aspect ratio around 2.5–3, which
would correspond to the longitudinal SPR falling at about
700–760 nm,32 as that observed here.
The magnetization curves at 300K with the field in the
parallel and perpendicular directions to the sample surface
are shown in Fig. 3(b). For both configurations, the curves
exhibit a hysteresis loop characteristic of ferro/ferrimagnetic
materials. Similar results were found at 4K (see supplemen-
tary material). The saturation magnetization (MS) is close to
30 emu/g and very similar at 4K and 300K, which is in
agreement with the co-existence of maghemite that is ferri-
magnetic (Ms 74–80 emu/g) and hematite that is antiferro-
magnetic at low temperature exhibiting weak ferromagnetism
above the Morin transition (250K) with Ms 1 emu/g.18
Larger values of Ms (60–70 emu/g) were obtained for c-
Fe2O3 NPs prepared from a 10 nm Fe film annealed under the
same conditions, which are closer to that of the bulk maghe-
mite (see supplementary material). The coercive field of the
magnetization curves at 300K is about 700 Oe and 220Oe
while the remanence is 60% and 20% of Ms with the field in
parallel and perpendicular configurations, respectively. The
different shapes of magnetization curves measured with the
in-plane and out-of-plane fields to the sample surface can be
understood in terms of shape anisotropy. According to micro-
graphs in Fig. 1, Fe2O3 NPs exhibit an aspect ratio of 10
leading to a demagnetization factor of 0.8 and 0.1 out-of-
plane and in-plane, respectively. The shape anisotropy for
Fe2O3 is then [1=2l0MS2(Nz-Nxy)] of the order of 100 kJ/
m3, while the magnetocrystalline anisotropy is about 5 kJ/
m3,35 and consequently, the easy axis of magnetization is
along the nanostructure plane.
In order to analyze the effect of the combination of Au
and Fe2O3 nanostructures, magneto-optical MCD measure-
ments were carried out for a Au/Fe bilayer annealed for 12 h
at 1100 C h at a nominal pressure of 3 102 Torr, and a
simple Au nanostructured system prepared by a similar dew-
etting procedure, as is shown in Fig. 3(c). Au nanostructures
were prepared following the same growth procedure from
Au thin films of 10 nm thickness annealed at 400 C in air
according to Ref. 16. The MCD spectrum of the Au and iron
oxide nanostructures corresponds to that expected in maghe-
mite one,21 while Au NPs exhibit a typical derivative-like
MCD curve similar to other studies.36 The inset of Fig. 3(c)
shows the MCD hysteresis loops nearby the respective SPR
for Au and Fe2O3 nanostructures, whereas for single Au
nanostructures, the magneto-optical signal is presented at a
wavelength out of the SPR peak since the MCD signal
crosses zero at the resonance.36 The MCD signal for Au NPs
at 620 nm follows a linear dependence with the magnetic
field, characteristic of these NPs,36 while the Au/Fe2O3 sys-
tem presents a hysteresis loop characteristic of a ferro/ferri-
magnetic material. Hence, in this complex system, we can
find simultaneously the optical fingerprint of its plasmonic
and magnetic features by optical recording the absorption or
the magnetic dichroism.
In conclusion, we have shown here that deposition of
Fe/Au bilayers plus subsequent annealing in a controlled
atmosphere (low vacuum conditions) can be used to func-
tionalize large surfaces with Au/c-Fe2O3 NPs (with maghe-
mite as the majority iron oxide phase) exhibiting both
plasmonic and magnetic properties at RT, thus providing
multifunctional surfaces. For this purpose, there is a win-
dow of annealing parameters (annealing temperature
1100 C, vacuum 102–103Torr) and a particular struc-
ture (Fe top layer) that allows the tailored synthesis of both
components.
See supplementary material for morphological charac-
terization, confocal Raman microscopy, and magnetic
measurements of iron oxide nanostructures obtained from
Fe films annealed in vacuum and Raman spectroscopy
analysis and magnetic measurements of Au and iron oxide
nanostructures obtained from Au/Fe films annealed in
vacuum.
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